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Executive Summary
Thc California Indcpcndcnt System Operator (CAISO). Fiisi Solar. and thc Yational Renewable
Energy Laboratory (AREL) conducted a demonstration project on a large utility-scale
photovoltaic (PV) posver plant in California to test its ability to provide essential ancillary
scrviccs to the clcctric grid. With increasing shares of solar- and wind-gcncratcd energy on thc
clcctric grid, traditional generation resources equipped with automatic governor control (AGC)
and automatic voltage regulation comrols—specifically. Iossil thermal—arc being displaced. Thc
dcployfnent ofutility-scale, grid-friendly PV power plants that incorporate advanced capabilities
to support grid stability and reliability is csscntial for thc large-scale imcgration of PV gencmtion
into thc clcctric power grid. among other technical requirements.

A t&)ncal PV Poivcr plant consists of multiple power electronic invcrtcrs and can contribute to
grid stability and r:liability through sophisticated "grid-friendly" conuols, ln this ivay. PV power
plants can bc used to mitigate thc impact of variability on thc grid, a mlc t&apically rcscrvcd for
conventional gcncratofs. In August 20 I 6. testing was completed on First Solar's 300-MW PV
power plant, and a large amount of test data was produced and anal&vcd that demonstrates thc
ability of PV power plants to usc grid-friendly conuols to provide essential reliabihty services.
These data showed how thc dcvclopment of advanced power controls can cnablc PV to bccomc a
provider of a ividc range of grid services, including spinning reserves, load follosving, voltage
support. ramping, frequency response. variability smoothing. and frequency regulation to power
quality. Specilically, thc tests conducted included various forms of active power control such as
AGC and frequency regulation: droop rcsponsc; and reactive power. voltage, and power factor
controls.

This project dcmofrstratcd that advanced posvcr electronics and solar gcncration can be
control(cd to eontnbutc to system-wide reliability. It um shown thai the First Solar plani can
proiddc csscntial reliability scrviccs related to diffcrcnt (orms of active and rcactivc pawn
controls, including plant participation in AGC. primary frcqucncy control, ramp rate control. and
voltage regulation. For AGC participation in particular, by comparing thc PV plant testing results
to thc typical performance of individual conventional technologies. sve showed tltat regulation
accuracy by the PV p)ant is 24-30 pomts bcucr than fast gas turbine technologies. Thc plant's
ability to pruvide toit-ampere reactive control during periods of extremely low power generation
was demonstrated:rs well.

Thc project team dcvcloped a pioneering demonstration concept and test plan lo show how
various t&pcs ofactive and reactive power controls can Icvciagc PV gcncration's value from
being a simple variable energy resource to a resource that provides a uddc range ofancillary
services. )Vith this project's approach to a holistic demonstration on an actual, larg». utility-
scalc, operational PV power plant and dissemination of thc obtained results, thc team sought to
close some gaps in perspccnvcs that exist among various stakcholdcfs in California and
nationwide by providing real test data.

Th:s reoon:s evaaebie at no cost fram the National Renewable Enrrrtfy Laboratory ei www.rvaf gfhrroubfrca:lorrs



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
8
of40

Table of Contents
1 Introduction..
2 PV Power Plant Oescrlpdon
3 AI3C Participation Tests for First Solar's 3004IIW PV Power Plant ...,...,

3. I Description and Rationale for AGC Tests..
3.2 AGC Test Results..

4 Frequency Droop Conlrol Tests.
4,1 Rationale and Description of Frequency Droop Tests.
4.2 Drop Test Results..

4.2,1 Droop Tests dunng Undcrfrequency Event..
4.2.2 Frequency Droop Tests during Overfrcqucncy Event.

5 Reactive Power and Voltage Control Tests ..
5.1 Rationale and Description of Reactive Pov,er Tests.
S.2 Results of Reactive Capability Power Tests.
S,3 Low-Generation Reactive Power Production Test..

5 Additional Tests.
7 Conclusions and Future Plans.

T. I Test Summary
7.2 Detailed Conclusions.
7.3 Future Plans..

References ..
Appendix: Test Plan .

Objective .,

Regulation-Vp and Regulation-Down.
Expectation„.
Curtailment...

Voltage Regulation Convol..
Objcctivc.
Test Procedure ..

Expccwtion..
Curtailment ..

Active Power Control Capabilities.
Objective ...„
Test Proccdurc.
Expectation..
Curtailment,.

Frequency Response..
Frequency Droop Test (Capability to Provide Spinmng Reserve) .........,
Capability to Provide Frequency Response.

..9
........ 1 3

l3
. IS
23
23
25

3l
34

. 34
37

.47

.45

.50

.52
52

.52

.53
,53
53
53
53
54
55

..... „55
55

55
55
55

. ............ ...,....., 56
57

Tlvs report is avasabie at no cost from the Nabonal Renewable Energy Laboratory at wrrw n 4 rw'u eatons



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
9
of40

List of Figures
Fihn&rc 1. CA ISO's cxpcctcd rnxwsbic capacity buildwu& to meet its 50% RPS bn&sl,

lllusirciinnfrom Cd ISO.
Figure 2 CAISO's expected build.out of rooftop solar PV. Ill&is&rationfrom CdISO.........,..
Figure 3. CA ISO duck chart. Illustrationfroni CAISO.
Figure 4. CA ISO's generation breakdown for April 24, 2016. IlluiirariunJrom CA/SO....
Figurc 5. CA ISO's av erage daily rchnt (stion procurcmcnt costs from January-Junc 2016.

Illustration frost CA ISO.
F&bntrc 6. Aerial photo of Fits & Solar's 300 MW PV poucr plant. PI&a&aJrunr First Solar.....,.......,.....„„., 9
Figure 7. Electrical dia(asm of First Solar's 300-hlN'V plant. Illuwrurionfmm Fir&i Srilur ......,......., 9
Figure b. General disgmm of First Solar s PV power plant controls and interfaces.

Illus&&arian from Firer Solar..
Figure 9. Diagram of First Solar's PV power plant control syrtem architecture,

lllustn. &iuufrom Fiat Solar.
Figurc 10, First Solar's operations center in Tcmpe. A&irons. Fiiurufium Fin& Saiur
Rgurc I I. Cot&ccpt of AGC folloudng by a PV power plant (c.g.. with 40'/» hcsdroomk

llhuirr, iioaJr«m JVREL .13
Figure 12. Simphlicd d&agam of CAISO's *GC system. IIIusrranonfium iVREL .......,.....,...,...,....,, 14
Figwe 13. Hiitoric CAISO AGC signal used in testing. Illustrationfroin IVREL ..........,................... 16
Figurc 14. Mormng AGC test (9:47 s.m.-l 0:10 a.m.). IllustrationJrour IVREL ...........,......,,..., ...,..., 17
Fibnuc 15. S(idday AGC tc»& (12;40 P.m.-l P.m.). Illuiiraiioufram AIREL....,.....................,.........., It&

Figwc 16. Midday AGC tes& (12;40 p.m;I p.m) magnificat&on. Illusrnirion Rioui IVREL ..............,......, I tt

Fibntic 17. Atternoo s AGC test (2',54 p.m.-3: 16 p.m.). Illustruiionfrom AREL..................,...,........., 19
Figure I tt. AAcrnoos ACiC test (254 pm.-3; I 6 pm) magnification, lllusrra(ionfrais iVRFL,....,....., 19
Figwe 19. A(IC pert'ormancc for three time periods. IllusiruiianJr&un iVREL...,,......................,..., 20
Figure 20. A(IC control error for sll three tests. Ilhisiraiiunfroni I»'REL.. 'i0
Fihntie 21. Distnbution of AGC control error. IlhisrraiiuuJraur .VREL
Fiantic 22. Frcqucncy droop characteristic. RI&urrusirmfrum iVREL.
Figure 23. I;ndcrfrcqucncy evcnL Illuriraiiaefrrun iVREL . . 24
Fige 24. Oi erfreq scncy e&rnt. II/usuvrriaufram,VRFZ .... 24
Figurc 25. Fxsnipl» of the plsnr's re»pause to an underfrcquency event (3% droop test

during sundsc). IlliisiruiianJronr .VREL .25
Figwc 26. Measured droop charsctriistis for an undcrfrequcncy event (3% droop tcs&

during sunrise)....,.„
Figure 27. Measured droop characteristics for an undcrfrcqucncy event: (a) 5% droop test

snd (bl 3»/o droop test during midday. Illusiruriunfrun&,VREL.......,.......,.....,.
Figure 2tt. Mcasurcd droop characteristics for an undcrfrcqucncy cvcnt (5% dmop test

during sumeth Illustrationfrom AREL..
Figure 29, (s) Rcsu)s and (bl conuol error during thc sunrise 3% droop test for an

underfiequency event. Illusrruiiunfrom &VREL.

Figurc 30. (s & Re»el 4 and (b) control error during a second sunrise 3%» droop test for sn
under ficquenvy event.!Iiu»rruri uufrau& iVREL.

Figurc 31. (s) Rcsul4 and (b) control ermr during thc midday 3% droop test for an
undcrficqucncy event. Ilhurrariun frau& iVREL.

Figurc 3', (sl Results and (b) control crier during thc midday 5')o droop test for an
undcrftcqurncy event. Illusrruriunfr&im IVREL.

Figure 33. (s)Results snd (b) control error during thc sunset 5"» droop test for an

26

....... 26

. 27

. 29

....... 29

undcrfrcquency event. Iiluirraiiaiifram JVREL „..................,,........... 29
Figure 34. Con»ol«kucd underfrequcncy droop test results. Illustrationfrom RREL....„,...,,....... 31

V& 1

This reDo t ts evni&aote st no cost from the Nauonat Renewaote Energy Laboratory at wnw.niet.gowpubttoations



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
10

of40

Fqpue

Figure

35. Example of the plant's response to an ovcifrequcncy cvcnt (5% droop test
during sunrise). Ilhuiruilan /rain XRFL

36. Mcasurcd droop characteristics for an ovcrfrequcncy event: (a)5% droop test
and (b) 3% droop test during midday. Illus(rani»iJrom iYREL

37. Mcasurcd droop character(sties for an ovcrfrcqucncy cvcnt (55a droop test
during sunset). Il(iisiratiunfront AREL......

32

3'i

33
Figurc 3b Concept of nonsymmetric dmop characteristic for PV plants. Illustration (rani .VREL....... 33
Figurc 39. Comparison of reactive ptnvcr capabihty for a synchronous generator and PV invcrter

of the same hl VA and M VV ratin~ ll(nitration (i nnr,VREL .. 35
Figiife
Figurc

Fibnue

41. CAISO's proposed reactive capability applied to thc 300-M&V PV pbnt under ic ting.
I(lusrrulr'anfront iVREL

42. Thc plant's rcactivc powcs capability at ilitfcicnt voltage levels at full ilDV output.
36

40. Proposed reactive power capability for as&nchronous resources, Illustration (rant Cd(SO...... 35

Figure
Figure
Figurc
Figurc
Figure
Figurc
Figure
Figure
Figure
Figurc
Figurc
Figurc
Figure
Figure
Figure
Figurc

l(hair»sianfiain iVREL 36
43. Measured reactive power capability at thc POI. Ilhssrru(i onJrani .VRFL........=.......,.....,3tt
44, Mcasurcd reactive power capability and voltages at thc POI. Illustration Iiv»n .'VREL,,...„,, 39

3945. Results of the voltage hmit control test. IllussraiisniJranr iVREL...
46. Voltage limit control test and rcactivc power capability. Illnsiruiianf rani ltREI.
47. Lagging and Icaduig power factor control tests. Illus(ra(innfn»n First Solar.........,........,......, 41
4g. Rcactivc power control test. I(his(rationfrwn First Solar. ..42
49, Reactive po»er pmduction test at no active power (P=O MW). I(luurananfrasn iVREL ........43
5(l. Plant output dunng the August 23. 2016. tests. Illustrationfiner .VREL
51. Results of thc active power curtailment test. II(us(ration front .VREI............,...
52. Results of thc frcqucncy validation tcsu Illustrationfn»»,VREL.„.......,.....,,.
53. A yid-friendly PV power plant. Illusrraiiunfri»n iVREL.
*-I. Rcactivc power capability at the POL Illustrationfrow iVREL
A-2. Increase'dccrcsuc output at a specified ramp rite. Illiairuii unJraat CAISY&,.
A-3. Frequency droop cxplaincd. (lliisrranr»ifrnin iVREL
AQ. Example of an undcrftequency evenu l(lrrsrsarianJiom iVREL
A-5. Example of an os crfrequcncy cvcnt. Illusiraili»i faut .VREL

....45

..48
54

.....55
56
57
57

List of Tables
Table I. AGC Control Error Statistics........,....„.....,......„.......„......,........„............
Table 2. Measured Regulation Accuracy by 300-MKV PV PLsnt ..
Table 3. T&pical Regulation-Up Accuracy of CAISO Conventional Gencmtion....
Table 4, Droop Control Error Statistics (Absoluie Values in hl W).......................
Table S. Droop Conttol Error Stansucs (Pcrccntagc of Plant Rated Capacity) .......

nl

....22

...30

....30

vlti

The report ia avasabte at no cost from ass Nationat Renewatite Energy Leoosatorv at vviiw nie. Qovie cations



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
11

of40

1 Introduction
Solar photovoltaic (PY) generation is growing rapidly. At thc cnd of 2015. the United States had
25 GW of installed solar PV capacity, tvith an additional 1.8 GtV ofconcentrating solar power
[I], [2]. As PV continues to groiv, questions are arising about thc ability of PV to conuibute to
maintaining grid reliability, In this study, wc dcmonstratcd itious grid-friendly controls on First
Solar's 300-M(V PV plant located in the California lndcpcndcnt System Operator's (CAISO's)
footprint. Our analysis shows that advanced povvcr clcctronics and solar gcncration can bc
controlled to contribute to system-w ide reliability. More specifically, wc shou that the First
Solar plant can provide essential reliability service related to diA'crcnt forms of active and
rcactivc poiver controls. including plant participation in automatic generation control (AGC).
primary Swtucncy control. ramp mtc control, and voltage regulation. For AGC participation in
particular. by comparing the PV plant testing results to thc typical performance ofconventional
indtvddual technologies. ivc showed that regulation accuracy by thc PV plant is 24-30 points
bcttcr than fast gas turbine technologies, The plant's ability to provide volt-ampere reactive
(VARI control during periods of extremely low power generation was demonstrated as well.

The project team—consisting of cxpctts from CAISO, First Solar, and the National Renewable
Energy Laboratory (NREL)—dcvelopcd a demonstration concept and test plan to show how
vanous types of active and reactive power controls can leverage PV generation's value from
being a simple variable cncrgy resource to a rcsourcc that provides a «ddc range ofancillary
services. tVith this project's approach to a holistic demonstration on an actual. large. utility-
scalc. operational PV power plant and dissemination of thc obtained results, thc team sought to
close some gaps in pcrspectivcs that exist among various stakeholdcrs in California and
nationwide by providing real test data. If PV-gcncratcd power can offer a supportive product that
benctits the power system and is economic for PV power plant owners and customers, this
functionality should bc rccobntizcd and encouragetL This project showed. through real-world
testing, that PV power plants can contribute to maintaining grid reliability.

Pioncwring work done by NREL, First Solar. and AES in 2015 in (Vest Texas and Puerto Rico
provided a detailed understanding of the advanced capabilities ofgcred by modem PV power
plants [3]. The current CA!SO-First Solar-NRFL project is aimed at breaking ncw bamcrs tn thc
provision ofancillary services by PV generaiion in terms ofboth plant capacity (300 MW) and
system-Icvcl impacts. Taken as a whole. these three studies show that PV power plants ran be
used to manage a variety of grid challenges on island systems, isolated interconnections, and
within market cnvironmcnts in large synchronous systems.

Rcncwablc cncrgy in thc United States accounted for 13 44'/i of domestically produced
electricity in 2015 [3]. California is a leading state for integrating rcncwablc resources and for
renewable portfolio standanls (RPSs), with approximately 29'Ye ol'its electricity provided from
RPSwligiblc rcncwablc sources (including small hydropowcr) [4], In addition, California is
leading thc ivay in climate change policics that arc intended to rcducc cmissions from all sectors,
including clcctricity. by 40 ~k from 1990 level» by 2030 and by 809( from 1990 levels by 2050. If
California is to achieve thcsc goals while enhancing grid reliability. all resources, including
renewables. must bc Icvcraged to provide csscntial reliability services.

Tnis repbrl is availebte et no cost from tne National Renewebie Energy Laboratory at www nret (tovipubscebons



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
12

of40

Rapid penetrations of variable renewable generation mto an electric grid are changng the ways
power system operators manage their systems. Higher lcvcls of variable gcncration arc creating&

real-time reliability and operational changes. For example, thc California Indcpcndcnt System

Operator (CAISO) is trying to adapt to rapid increases in ita solar PV generation during sunrise

and rapid losses in solar production during sunset.

CAISO current)y has more than 9.000 MN of transmissiotyeonnected solar resources Ivithin ns

operational t'ootprint. To mcct its RPS goal of 33% by 2020. CA ISO is expecting an additional

4.000-5.000 hf)V of solar. Beyond 2020. to mcct a 50% RPS goal. CAISO is cxpccting an

additional I 5.000 M(V of rcncwablc resources, and a significant portion of this is anticipataI to

be transmission-connected solar PV because of thc «xpccted reduction m thc price of solar panels

(Figure I ). Thus, the capability of solar P V rcsourccs to provide essential reliability scrviccs is

necessary to achieve a low-carbon grid.
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Figure 1. CAISO'a expected renewable capacity buttdwut to meet its 50% RPS goal.
fffustraffon from CAISO

In addition. CAISO has expcricnccd a significant increase in root)op solar PV installations

(Figurc 2). Currently. more than 5.000 hl VV of tooAop solar PV is installed within CA(SO s
footprint, and it is expected to cxcccd 9.000 hI)V by 2020. Rooftop solar PV docs not count
toward RPS. but it does have an impact on grid operations. especially during sunrise and sunset.

This report Is avallaote at Ilo cost from the fsationat Renewable Energy t.aboratoiy at wew nisi I pu ations
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Estimated Behind the Meter Solar PV Build nut through 2021
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Figure 2. GAISO's expected buildwut of rooftop solar pv. II!usrraUon fmm cAIso

High levels ot'solrr gcncration during midday hours are already contributing to oversupply,

esp axially on light load days when rcncwablc production is high. Therefore. it is during thcsc
conditions that opportunity is crcatcd it rcncu able rcsourccs could provide essential reliability
services that have traditionally bccn provided by conventional resources. Sharp changes in thc
real-time ramping needs arc also happening during afternoon-to&vening hours. This is cspccially
cvidcnt during the spring and fall months, evhcn loads arc rclativcly lieut and hourly pcnctrations
of rcncwablc generation are high. In its -duck chan" (Figure 3h CAISO shou s thcsc Integration
cleanges and uppoitunities for a typical spring day as a significant drop in its midday net load ic

mct by an increased share of PV in thc system. These changes and opportunitiee to Icvcrage thc

capability nf thcsc ncw resources are grov ing at a faster rate than previously expected: and
during certain days in thc spring of 2016, CAISO's minimum nct load was already less than thc
predicted 2020 level.

Tynieol Spnng Day

Figure 3. CAISO duck chart. Illustration from CAISO

Wis retell 15 evailsblo at no cost tronv ihe Mauonal Renevvabte Energy Laboratory al vtwvv brat.gowpeibticalions



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
14

of40

Bccausc of low net loads, the risk ofoversupply increases, so srgniticant curtailment of
renewablcs took place during certain days in thc spring of 2016. An example of this t&pc of
curtailment period is shown in Figure 4. During certain da&ximc hours on April 24. 2016. more
than 2 GW of rencwablc gcncration werc curtailed lo maintain reliable opemtion of thc system.
With increased curtailment. more opportunity is created if the industry can tup into thc
controllability of rencwablc resources and thus reduce reliance on cont entional resources to
provide such services.

Advanced inverter functions und how projects are designed and operated can help address grid
stability problems during such periods. A typical modern utility-scale PV power plant is a
complex s&stem ol'large PV armys and muhiple power electronic invertcrs, und it can contnbutc
to mitigating thc impacts on grid stability and reliability through sophisticated automatic -grid-
friendly" controls. hlany of thc PV control capabilities that were demonstrator in this project
have already gcncrally bccn proven to be technically feasible. and a few areas throughout the
world have already started to request or rcquirc PV power plants to provide some of them;
however, in thc United States, utility-scale PV plants are rarely recognized as having these
capabilities. and typically they are not used by utilitics or system operators to provide electric

tpid scrviccs.

~ &X

RoAsxiso
Coinaooio

an Lour ~ Looo -woo solar

'4 xa
'4 XS

'Xa
'4 xo

0
i i 4 ~ 4 4 4 4 4 lo i's o io '4 4 ir '4 ll '5 41 '4 r) n

~Mess iso Isss'osis~ auoevoraooeoosoooo~etc Soui ~tuuo so
rroicsisotooo p'so su toot

Figure 4. CAISO'5 generation breakdown for April 24, 20ttt. Illusrradon from CAISO

CA ISO is continually adaptmg its operational practices and market mechanisms to make thc
integr«tion ofohurco of fust-growing variable rcncwablc gencrution both reliable und economic.
This new reality leads to growing needs by CA ISO and other mdcpendent system operators to:

~ Better coordinate bctwcen day-ahead and real-time markets

~ Increase Acxibility in the form of tast rumping capacity

This report io available at no coot tram the National Renewable Energy Laboratory at wviw t'ai gov'ouulications



ELEC
TR

O
N
IC
ALLY

FILED
-2021

M
ay

3
11:25

AM
-SC

PSC
-D

ocket#
2019-225-E

-Page
15

of40

~ Bcttcr utilize ancillary scrvicc capabilities by variable rcncwablc gcncration

~ Dccpcn regione I coordination

~ implement ncw market mechanisms inccntivizing the participation of rcncwables in
ancillarv strtdcc markets

~ Develop new market products to take advantage of faster and higher-precision ancillary
scrvicc providcrs

~ Add energy storage capacity

~ Align time-of-usc rates with s&stem demand.

Currently, regulation-up and regulationMwn are two of thc four ancillary sere'c» products that
CAISO procures through co-optimization with energy in thc day-ahead and real-time markets.
The other two products are spinning and nonspinning reserves. Most ancillary service capacity is
procured in the day ahead market. CAISO procures incrcmcntal ancillary services m the real ~

time market proccsscs to rcplacc unavailable ancillary services or to meet additional ancillary
scrvicc requircmetts. A dctailcd description of thc ancillary scrvicc market design. which was
lirst implemented in 2009, is provided in CAISO's 2016 market rcport [5]. [6].

From February 20. 2016, through June 9, 2016, CAISO increased the requirements to a
minimuln of 600 MIV for regulation-up and regulation-down in both the day-ahead and real-time
markets. Avcragc pnccs for these two ancillary serrices increased immediately following thc
change in requirements in February and rcvcrtcd to lower levels a ain in Jtute 2016 (Figurc Sl.

Regulation procurement costs continued to average more than S400,000 pcr day tvhcn the
rcquircmcnts werc high and fell to SS0.000 per day when thc requirements werc lowered,
beginning on Junc 10. 2016.

~ ter»td roairttoon doom cottt ~ Dctnchocd r carr tot ion oo colts

~ Itotl-time roairtotorll down ANts ~ Root-Omc reairtotteo oo colts
Sdetceeo

tt0 Ste(1000

4 SSOO,OOO

o S100,000
ct

tcn roo 1.19 too 10-19 Mtr Rpr Mtv tiin 1 9 orn lo 10

Ftgure 5. CAISO'9 average dotty regulation procurement costs from January-June 201$ .
rttusrretlon from CAISO

This report is available et no cost trom tho Netionot Renewable Energy Laboratory nt www.n-el.govi oubtrcatrons.
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In 2012. CAISO implemented standards for importing regulation service f7). These standards
implcmcnted CAISO's tariff provisions relating to thc imports of regulation scrviccs. cithcr bid
or self.provided. by scheduling coordinators with system resources located outside CAISO's
balancing authority area, In addition to imported regulation services. regulation provided b& PV
power pbnts within CAISO's footprint can bccomc an additional stability tool at CA ISO's
disposal.

As power system connnues to evolve, thc Federal Energy Regulatory Commission (FFRC) noted
that there is a growing need for a refined understanding of the services necessary to maintain a
reliable and cflicient system. In orders 755 and 784, FERC required improvdng thc mechanisms
by which frequency regulation service is procured and enabling compensation by fast-resptinse
resources such as cncrgy storage. CAISO is tvorking on a ncw market design in which
aggrcgatcd distributed sources (rooftop PV. behind-thc-nicter battcnes. electric vchic(cs. last
demand reqmnsc) can bid in its market. In addition, FERC recently issued a notice of proposed
rulemaking to cnablc aggregation of distributed stomge and distributed generation [8).

The Electric Reliability Council ofTexas and thc Ncw York Indcpcndcnt S»tcm Operator arc
also working on similar ancillary scnicc markets for uttlity-scale and distributed generation [9J.

In 20 I 2. the North American Electric Reliability Corpomtion's (NERC) Integration of Variable
Generation Task Force made scvcral rccommcndations for rcquircments for variable generators
(including solar) to provide their sharc of grid support, including active power control (APC)
capabilities [7. I 0]. These recommendations address grid requirements such as voltage control
and regulation, voltage and frequency fault ride-through. reactive and real power control, and
frcqucncy response criteria in the context of thc technical characteristics and physical capabilities
of variable gcncration equipinent.

~ APC capabilities include:

o Ramp-rate-limiting controls

o Active power response to bulk power system contingcncics

Incnial response

Primary frequency response (PFR)

Secondary frequency response, or participation in AGC

Ability to follow security-constrained economic dispatch (SCED) sct
points that arc sent every 5 minutes through its real-time nonontic
dispatch market software.

~ Performance during and aller disturbances

o Fault ride-through

o Short-circuit current contribution.

~ Voltage, reactive, and power factor control and regulation (both dynamic and steady
state).

This reriort is avaitahle at no cost from the National Rerewahta Energy Laoorstory at www rat sauna
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ln 2015, the YERC task force on Essential Reliability Services published a report exploring
important directional measures to help thc energy sector understand and prcparc for thc increased
dcplo&ment of varable renewable generation [I I], [12]. According to this rcport. to maintain an
adequate level of reliability through this transition. generation rcsourccs need to provide
suAicient voltage control, frtguency support, and ramping capability—essential components of a
reliable bulk power systenu

Thc California state legislature passed Senate Bill 350 in the fall of 2015, which requires all
utilities in thc state to produce 50yo of their electricity sales from renewable sources ivith the
objective of rtxtucing carbon cmissions. To reach that 5N(r RPS goal. California operators udll
nccd to Iind additional wa&rs to balance gcncration and load to manage the variability of
increased rcnewablc generation and maintain hvid reliability. In this context, thc curtailment of
rcncwablcs can be vicived as a resource, not only a problem. Bccausc wind and solar generation
can be rampcd up:md dowm. curtailment can become a helpful resource to relieve oversupply
and provide frequency regulation and ramping services, In combination with thc 1.3-GIV
California energy storage mandate. ancillary services provided by renewables can enhance
system I)cxtbility und reliability and reduce nccds in spinning reserves by conventional power
plants, Thus. unleashing thcsc capabilities from rcncsvablc rcsourccs helps achicvc thc broader
objective of a resilient. reliable, low~arbon grid,

Currently. only a fav grid operators in thc United States are using curtailed rcnewablcs as a
rcsourcc. For example. the Public Service Company of Colorado (PSCO) has means to control its
wind gcncration to provide both up and doivn regulation reserves (thc PSCO has had periodsof'04

wind power gencmtion in its system). Thc PSCO is able to usc wind reserves as an ancillary
scrvicc for frequency regulation by integrating the wind power plants in their footprint to protqde
AGC. Similar scrviccs can be provided by curtailed PV power plants in California: however.
regulatory. market. and operational issues nccd to be rcsolvcd for this to bccontc possible [13],
[)4]

Prior to testinbr, the team developed a plan that was coordmatcd with tcchnical experts I'rom First
Solar. The test plan is shotvn in the appendix of this rcport), Thc following sections dcscribc the
tests and results conducted bv the team:

1. CAISO-AREL-First Solar custom-developed test scenarios (conducted on August 24.
2016)

A. Regulation-up and reytlatinn&own, or AGC tests during sunrise. middle of thc
day, and sunset

13. Frequency response tests with 3'ro and 5'/o droop settings for ovcrfrequcncy and
undcrfrequency conduions

C. Curtailment and APC tests to verify plant performance to decrease or ini.rease its
output while maintaining specilic ramp rates

D. Voltage and reactive poiver control tests

F Voltage control at near rero active power levels (mghnmic control)

Ttwt rattort rs avarlabte st no coat from tire Nstrorrat Rerrtiwaale Eneryy Laboratory at www nrrrl ttov'ptrbtrcattorrs
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2. Morc standardized First Solar's potver plant controller (PPC) s&stem commissioning tests
(conducted on August 23. 2016)

A. Automatic manual control of invertcrs (indnddua). blocks of invcrtcrs. tvholc
plant)

B. Active power curtailment control, generation failure and restomtion control,
frequency control validation

C, Automatic voltage regulation at high and lotv power generation

D. Popover factor control

E. Voltage limit control

F. VAR control.

Thra report rs ave itatsa at no cost trom the Natant Renewa ate Energy Lauora tory at vnvw n'v'c v ave teat ns
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2 PV Power Plant Description
First Solar constructed a 300-h(tV AC PV power plant in CA(SO's footprint. An aerial photo of
thc plant using First Solar's advanced thin-film cadmium-tclluridc PV modules is shown in
Figure 6. Thc phnt is tied to 230-kV transmission lines via two l70-MVA transformers
(34.5/230 kV). Th: 34.5-KV side of each transformer is connected to thc plant's MV collector
system v ith four blocks each rated 40 MVV. individual PV invcrtcr units. each rated 4 hi VA.
opcratc at 480 VAC and arc conncctcd to a 34.5-)tY collector system via pad-mounted
transformers. Svvuchcd capaciior banks are connected to both 34.5-kV buses to meet thc power
factor rcquiremenis of FERC's Large Gcncrator Interconnection Agreement (LGIA) power
factor rcquircmcnis. Two phasor measurement units (Ph(Us) iverc sct to collect data at thc 230-
kV sides ofboth plant transfonncri.

Figure 6. Aerial photo ot First solar's 0004sw pv power plant. photo from First solar
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Figure y. Eleclrical tttagram of First Solar's 300-MW pV plant. Illustration from Fiyat Solar

Tres reoort et avasable at no cost from the Natonal Renewable Energy Laboratory ni wnw.r'el.gov pubt~t~ns
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A kcy component of'his tested bmd-friendly solar PV power plant is a PPC developed by First
Solar, lt i» designed to regulate real and reataive povver output from thc PV power plant so that it

behaves as a single large gcncrator. Although the plant comprises individual invcttets, with each
inverter performing its own energy production based on local solar array conditions, thc plant
controller's function is to coordinate thc power output to provide typical large power plant
features. such as APC and voltage regulation through reactive power regulation ( l6].

First Solar's PPC is capable of providing thc following plant-level control functions:

~ Dynamic voltage and/or potvcr Iactor regulation and closed-loop VAR control of thc
solar power plant at the point of intcrconncction (POI)

~ Real power output curtailment of the solar power plant when required so that it docs not
excccd an operator-spec i fied limit

~ Ramp-rate controls to ensure that thc plant output does not ramp up or dotvn faster than a

specified ram~te limit, to the extent possible

~ Frequency control (governor&pe response) to lower plant output in case of an
overfrequency situation or increase plant output (if possible) in case of an underfrcquency
st lua I lot)

~ Start-up and shutdown control.

Thc PPC implements plant-level logic and closed-loop control schemes with real-time
commands to the invcrtcrs to achicvc fast and rcliablc regulation. It relies on thc ability of the
invcttcrs to provide a rapid response to commands from thc PPC. T&Ttically. there is one
comroller pcr plant controlling thc output at a smgle high-voltage bus (referred to as thc POII.
Thc commands to thc PPC can be provided through the Supervisory Control and Data
Acquisition (SCADA) human-machine intcrfacc or cvcn through other intcrfacc cqmpmcnt. such
as a substation remote terminal unit.

Figurc g illustrates a gcncral block diagram ovcrvicw of First Solar's control s&stctn and its
interfaces to other devices in thc plant. The PPC monitors system-lcvcl measurements and
dctcrmincs thc desired operating conditions of various plant devices to mcct thc slnxiftcd targets.
It manages capacitor banks and/or reactor banks, if presenh lt has thc critical responsibility of
managing al I thc invcrtcrs in thc plant, continuously monitoring the conditions of the inverters
and commanding them to cnsurc that they arc producing the real and reactive power necessary to
mcct thc desired voltage schcdulc at thc POI [I 6].

A conceptual diatpam of the plant's control s»tcm architccturc is shown in Figure 9. The plant
operator can sct an active power curtailment command to thc controller. In this case, the
controller calculates and distributes active power curtailment tn individual invcrtcrs. In general.
some t&pes of invcrtcrs can bc throttled back only to a certain spccificd Icvcl ofactive power and
not any lower without causing the DC vohagc to rise bc&ond its operating range. Therefore. thc
PPC dynamically stops and starts invcrtcrs as needed to manage thc speci(lcd active power
output limit. h also uses thc active pou er management function to cnsurc that thc plant output
docs not cxcccd thc desired ramp tates, to thc extent possible. It cannot, however, alwa&w
accommodate rapid reductions in irradiance caused by cloud cover.

IO

This report ts avaitable at no coal from the Nationat Renewable Energy Labotetoty at www n'et gnv pnn«i'atkins
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Figure 8. General diagram of First Solar's PV power plant controls and interfaces.
lllustrarlon from First Solar

Figure g. Diagram of First Solar's PV power plant control system architecture.
Illustration from First Solar

The reoort n evarleble at no cost from lhe Natronai Removable Ene.gy Laboratory at www nrel govltrubtrcatrons.
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The testing of the 300-14'lant «dthin CAISO's footprint ivas conducted remotely by the First
Solar team from their operations ccntcr located in First Solar's corporate office. rn Ten!pc,
Arizona ItFigurc 10). As a HERC-registered generator operator, the First Solar statyivas capable
of rcniotcly supervisin thc ongoiitg testing activities at thc 300-M%V PV plant in Cali foniia.
tracking the plant's performance and making changes to test sct point and plant control
parameters from thc ccntcr in Arizona.

=t:'kt

1

;L '

~ ~

~ ~%4 r

Figure 10. First sotar's operations center in Tempe. Arizona. photo from First solar

12
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3 AGC Participation Tests for First Solar's 300-MW PV
Power Plant

3.1 Description and Rationale for AGC Tests
The purpose of thc AGC tests is to enable thc pou er plant to follow the active potvcr sct points

sent by CAISO's AGC system. Thc sct point signal is rcceivcd by thc remote terminal unit in thc

plant substation and then sea)cd and routed to the PPC in the same time tramc. When in AGC

mode. thc PPC inidally sct the plant to opcratc at a power level that was 30 MW lower than the

cstimatcd available peak poivcr lo have headroom for following thc up-rebnt)ation AGC signal

(scc h)pothctical cxantplc in Figurc )1), Thc lower boundary of AGC operation can be sct at any
Iciel below availablc peak power. including full cui1ailmcnt ifnecessary.

Figure 11. Concept of AGC following by a PV power plant (e.g., with aud headroom).
f//usrrat/on from NREL

CAISO's AGC is no«nally sct to send a direct MW sct point signal to all participating units

every 4 seconds. All ramp-rate settings in thc PV power plant's PPC were sct at very high leiel
of 600 MW/min (10 h(KV/scc) during thc AGC tests. AGC conuol logic for a balancing authority
with interconnections (such as CAISO) is based on dctcrmining the:

~ Area's lotal desired generation

~ Base points for each AGC participating unit

~ Regulation obligation ior each AGC participating unit.

Area control error (ACE) is an important factor used in AGC control. For a balancing authority

area, ACE is determined as:

ACE'-/lrfr,r, — 108(I — f )+ / + I

whcrc /IP«, is ihe net tie-line interchange error, 8 is thc frequency bias (M'tV/0.1Hz).'~ and f,
are the actual measured and scheduled frequencics (typically 601lz, but they can a)so be 59.8 I lz

or 60.2 Hz during time error corrections). rcspcctivcly; and lire and lr are thc mctcr error
correction and time error correction factors. rcspccuvcly (hlW). The ACE value is then used by
thc AGC control logic to dctcnninc thc total desired generation that will drive it to zero. Thc

desired gcncration for each participating generating unu is split into two components.'he base

13
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point and regulation. The base point for each generating unit is set at its economic dispatch point.
and thc system's total regulation is calculated as thc differenc between the total desired
generation and thc sum of the base points for all AGC participating units. The toial regulation for
thc whole systetn is allocated among all participating regulating units. The 300-hIKV plant under
test is considcted as onc plant-level generating unit, and individual invertcr outputs are not
considered by CAISO's operations, Various unit-speci(le pammeters are used in its regulation
allocation, such as ramp rates and operating limits. Figure 12 shows a general diagram of
CA ISO's AGC distributing scl point signals to individual gcncmting units. The mtv ACE signal
is filtcrcd fiat, and it is then proccsscd by a proportional-integral (Pl) filter that has proportional
and integral control gains. The liltcred ACE is then passed to the AGC calculation and
distribution module that gcncratcs thc ramp-limited AGC sct points for thc individual
participating umts based on their participation factor. dispatch status, availablc headroom. unit
physical chamctcristics, ctc., as shown in Fibztre 12.

Figure 12. slmplined diagram of cAlso'e AGc system. Igustretton from NREL

AGC operates in conjunction with supervisory control and data acquisition (SCADA) systems
[17}. SCADA gathers information on system frcqucncy, gcncrator outputs, and actual
interchange between the system and adjacent systems. Using system firequency and nct actual
intcrchangc, plus knowlcdgc of nct schcdulcd intcrchangc, an ACC system determines lhe
system's energy balancing needs svith its intcrconncction in near real time. CAISO's SCA DA
system polls sequentially for electric system data with a periodicity of 4 seconds. Thc degree of
success of AGC in complying with balancing and I'requency control is manifested m a balancmg
authority's control pcrformancc compliance statistics and metrics as defined by NERO's control
performance standards (CPS), In particular, CPS I is a measure ofa balancing authority's long-
tcnn frequency performance «dth thc control objective to bound excursions of an avcragc I-
minute frequency error during 12 months in the interconnection. CPS I allows for evaluating how
well a balancing authority's ACE performs in conjunction with the frequtntcy error of thc «hole
interconnection. CPS2 is a measure of the balancing authority's ACF during all 10-minute
periods in a month with the control objective to limit ACE variations and bound unscheduled
power flows among balancing authority areas.

WREC's Standards Committee approved the replaccmcnt of CPS2 «ith the Balaninng Authonty
ACE Limit (BAAL) in Junc 2005. BAAL is unique for each balancing authority and provides
dynamic limits Ior its ACE value limits us a function of its intcrconwwtion frequency. Thc
objective of BAAL is to maintain the interconnection frequency within predefined limits. A field
trial of BAAL began in thc Eastcm Intcrconncction in July 2005 and in the tVestcnt

This rettort is available at no coat fram lhe Natmnet Renewable Energy Leooratcry ai e«w reel gov, puhtireuons
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Interconnection in March 20 I 0. Enforcement of BAAL began on July I. 2016 t I 8). Both CPS I
and BAAL scores are important metrics for understanding the impacts of variable renewable
generation on system frcqucncy performance. )~ERC's reliability standards rcquirc that a
balancing authority balances its resources and demand in real time so that the clock-minute
average of its ACIi docs not exceed iis BAAL for morc than 30 consecutive clock-minutes.

PV generation participation in CAISO's AGC is expected to maintain CPS above thc minimum
NERC requircmcr.ts and BAAL wdthin predefined operating limits and avoid degradation in
reliability. AGC psrticipation by faster and higher-precision res3)onsive generation is potentially
more valuable because thcsc types of generation allow for applying controls at thc exact moment
in time and exact «ntount needed by thc system. Faster AGC control is dcsirablc because it
facilitates more re.iablc compliance with iVERC's operating standards at relatively less
regulation capacity procurcments [l9J. Currently. CAISO practices and markets Jo not
diffcrcntiatc between faster and slower providcrs, with thc cxccption of some minimum ramping
capabilities. The data produced by AGC testing of the 300-M'(V PV plant in California «re
intends) to provide real field-measurcd results to confirm thc above-described benefits and
facilitate thc tnmsition to improved ancillary service markets that value and incentivizc superb
pcrformancc by invcrtcr-coupled rcncwable generation.

3.2 AGC Test Results
T)te AGC tests were conducied on August 24. 20 )6, at three di(Tcrcnt solar rcsourcc intensity
time frames: I I) sunrise. (2) middle of the day (noon-2 p.m.), and (3) sunset ( for 20 minutes at
each condition). Historic 4wccond AGC signals that CAISO previously sent to another
regulation-ccrtificd rcsourec of similar capacity werc provided to the plant controller.

Thc 300-h(XV PV plant under test was not connected to CAISO's AGC system bccausc thc
plant's owner did not request this control option at thc time of construction; instead. historical
CAISO ACE data were provided to thc PPC for AGC performance testing. Each test um
conducted using actual 4-rccond AGC signals that CAISO had previously sent to a regulation-
ccititicd rcsourcc of similar size. Thc historical AGC signal provided by CAISO had a regulation
range of 30 h(W. or )0 Io of rated plant power (Figure 13). This signal is rcprcscntcd as ALP„pc m
thc equation below:

Pcommand (PaoailaÃc 303(IP) + dpapc

where Pa,~ffaefc is the maximum availablc instantaneous povvcr that the plant can produce for a
given solar irradiation conditions. and Pco~«d is thc actual commanded hiXV set point sent to
thc PPC.

15
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Figure 1$ , Historic CAtSO AGC signal used in testing. Ilfusrration from NREL

In this way, the plant's response to thc AGC-like sct point signal can be tested within a 30-M(V
mngc. CAISO's regulation system has a significant total ramping capability for shorter pcriods
of time. Longer ramps may cause regulation problems after faster units exhaust their regulation
range. CAISO's real-time economic dispatch so()ware would uy to return units that arc not
awarded service to their preferred point of operation (POP), so sufltcicnt up-regulation and
doubt-regulation capabilities can bc maintained. Because the plant under test «as not
panicipating in CAISO's real AGC scheme, the adopted method ofAGC mimicking provides a
sufficient approximation of real conditions hccausc both the up-regulation and douyt-regulation
characteristics of thc plant can be tested,

For this PV plant to bc able to maintain thc dcsircd regulation range (30 MW in this case). thc
plant PPC must bc able to estimate the available aggregate peak power that all thc plant's
invcrtcrs can produce at any point in tirnc. The availablc power is normally estimated by an
algorithm that considers solar irradiation, PV module I-V characteristics and temperatures.
invettcr cAicicncics, ctc. Thc plant under test did not have this estimation function bccausc thc
plant owner did not request it during construction; instead, thc project team implemented a less
sophisticated approach to cvaluatc thc available maximum power. For this purpose. a single 4-
lv(VA invertcr was taken from thc APC scheme by the First Solar team. and it was sct to opcratc
at thc power Icvcl dctcrmincd by its maximum power point tracking (ibIPPT) algorithm. Thc
measured AC power of this invcrtcr was used as an indicator ofavailable power for the other 79
invcrtcrs (g0 invcrtcrs total). Thc availablc maximum power was then calculated auc

Pavatrarrrr — 79 x Pt
rrpar

(3)

whcrc Pr is thc measured AC power of thc single invcrtcr that was dcsignatcd to opcratc ai
MPPT

its h(PPT point. Thcrcfore, Eq. 2 can bc rcuT(ttcn as:

Prouurrarrrt = (79 x P, " — 30)tf)V) + ftpacc (4)

So thc a~~gate power commatul sent to thc PPC for the remaining 79 tnvcrters tvas calculaied
using Eq. 4. This method has inherent uncertainties because it assumes uniform solar irradiatron
conditions across the whole 300-M'(V plant. Fortunately, cloud conditions were favomblc ior this

Thrs report rs available at no cost from the htauonal Renewable Eourgy Laboratory at vrwvr nral gou oublrcatona
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method to be acceptable because there was a clear sky above thc plant during most of thc day on

August 24. Ofcourse. under moving cloud conditions thc accuracy of thi» method ivould drop

significantly duc to the large geographical footprint of thc 300-MW PV plant. The imponance of

accurate peak power estimation for any t&pc of up-rchnt)ation was also emphasized in Rcf. 11,

and it is a crucial factor for AGC performance accuracy by PV plants.

Thc measured 1-sccond time series for thc August 24. 2016, AGC tests are shown in Figures 14-

18. ln particular. Figure 14 shows the results of thc morning AGC test. The test started when the

plant was commanded to curtail its production to a lower level (omnge trace), which was 30 h)KV

below its availablc peak potver (grccn trace), according to Eq. 4. The AGC sihnta) was then fcd to

the PPC (rcd tmce), so thc plant output (yellow trace) tvas changing accordingly. demonstrating

good AGC performance by following thc sct point during this period of smooth popover

pmduction. A similar test was conducted during the peak production hour. as shown in Figure

15, A magnified view of the same test is shown in Figurc 16 allowing a closer look to thc plant

AGC perfonnance. The plant's response to each new AGC set point is almost inuncdiatc:

howcvcr, there werc periods when the plant was not able to reach the set point with this high

level of precision. This mismatch can be explained by the intcmal active ramp rate limit in

indivddua) invcrtcts. Thc absolute control error for thc same test is small. as shown in Figure 16,

and it is confined within thc mnge ofA h(W (or ).6T/o of thc plant's rated potvcr capacity).

iaaf Mn allo MW aea Mw M ait

g ao
tt

Figure 14. Morning AGC teat (9;47 a.m~10:10 am.). Illustration from HREL

)7
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Avelisble Min . MW MW Meewrcd (

m m
Figure 15. Midday AGc test (12:40 p.m.-1 pm.h Iliusuaaton from HREL

lest

i (Mwl Aval MW Min MW ~ MW M

zis

2is

g

A ~ vie error

Figure 1tt. Midday AGC test (12:40 p.m.-t p.m.) magnification. Illus uetfon from NREL

R lew ts of thc AGC test conducted during the atlernoon are shoivn in Figure (7. Thc pl;mt
demonstmted similar AGC performance as in thc previous cases; however. a cloud front was
moving over thc plant on thc aAcrnoon of August 24, which innoduccd variability in thc plant's
output. During these periods, thc available peak power from the plant was reduced significant(y.
causing thc AGC set point to decrease as well, according to Et(. 4; however. even during thcsc
periods, the plant dcmonsuatcd bnxx( AGC pcrformancc by closely following the commanded sct

poinL as shown in Figure I g for onc such cvcnt.

lg
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Figure 17. Afternoon AGC test (2:54 p.m.-3:16 p m.). Illus rretion from HREL

MW Min ed MW meed MW Me tMWi

g ae
is!i
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Figure 16. Afternoon AGC test (2:54 p.m~3:16 p.m.) megnitication. Illusb ation from NREL

The pcrforntancc results for all three AGC tests arc consolidated in an X-Y plot (Figurc )9) that
shows thc linear correlation between the commanded and mcasurcd plant power for thc mommg.
midday, and aActToon testing periods (rcd, blue, and green dots, rcspectivcly). Thc slope and
offset of the linear recession for each test indicate low scatter and good linearity. In addition, the
R-squared values uf the correlation cocAicients for each tiine period a)so show a high degree of
correlation bcrwccn thc sct point and measured plant power.

This report is evadable ii ho cost from the National Renewable Energy Laboratory at www nret,gov/pubscasons
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Figure 19. AGC perfonnance for three time periods. (frustration from NREL

The rclativc AGC control error as a percentage of installvwl plant capacity for all three AGC tests

is shown in Figure 20 for a 20-minute time interval for comparison. Table I hsts the mean.

minimax. and standard deviation values of thc AGC control error. The mean value of thc AGC

control error during the whole period of testing for all three data sets is very low (-0.0l 3'ro ot thc

plant's rated capacity), with standard dcvdation of error equal to 0.439 lo.

AGC Ewor

nn. iro rt tot . Ireolr

ctt 3

-3
0 I I rrje . ~ I Ir

TIME isecl

Figure 20. AGC control error tor all three tests. iiiustration from NREL
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Table 1. AGC Control Error Statistics

Mean error (St of rated power) 0,02
Min error ( fir of rated power) ~ 1.16

Max error (% of rated power) 1.25

Standard deviation ('Ys of rated power) 0.31

0.0 41.06 41,01

-1.85 -2.1 -2.1

2.35 2.12 2.35

0.47 0.51 0.44

The frequency distribution of thc AGC control error» for all three periods ofobservation arc
shown in Figurc 2 I in logarithmic scale as a visual representation of the diffcrcnce between thc
number of error magnitude occurrences for each test. Thcsc distribution shapes are not exactly
symmetric. but they are still concentmtcd around thc center with visible tails. Only a fcw AGC
control errors with large magnitudes occurred during thc periods ofobsersztion. Ofcourse.
longer testing (many days or weeks) under different cloud conditions vdll be required to collect
suflicicnt statistic» on AGC control accuracy. Yet cvcn such a short testing opportunity allows
some prclimmaty conclusions on thc accuracy of AGC control by a large utility-scale power
plant. Thcsc results also suggest that rclativcly small and short-term energy storage can help
reduce thc AGC error to csscntially 0% by taking care of small control inaccuracies duc to cloud
impact and uncertainties ofpeak power calculation methods.

AGC E ~ His ~

tie Pie

-s
0

trier ps af rated ehnt »e tvl

Figure 21. Distribution of AGC control error. IliustraVon from NREt.

2I
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Yormally, CAISO mcasurcs thc accuracy of a rcsourcc's rcsponsc to energy management system
(EhIS) signals during I5-minute intervals by calculating the ratio bctwccn thc sum of thc total 4-

second set point deviations and the sum of thc AGC set points. The future CAISO rcsourcc
instructed mileage percentage is also being calculated during I 5-minute intervals, The plant's
monitored dclaycd rcsponsc time and thc accuracy of thc plant's response to the regulation sct
point changes werc used to calculate its regulation accumcy values, which arc shown itt Table 2

for all three testing p«riods. Table 3 lists the typical regulation-up accuracies for CAISO's
conventional gcncration for comparison. By comparing thc Pter plant testing results from Table 2

to thc values for individual tcchnologics in Table 3, a conclusion can bc made that regulation
accuracy by thc PV plant is 24-30 points better than fast gas turbine technologies, Thc data from

thcsc tests will bc used by CA ISO in thc future ancillary mvicc market design to determine th»

resource-spccilic expected milcagc to award regulation-up and regulatiowlotvn capacity.

Table 2. Measured Regulation Accuracy by 3004IIW PV Plant

Time Frame

Sunrise

Middle of the day

8Uttset

Measured Accuracy of Solar PV Plant

93.7SS

67.1SS

87 4'4

Table 3. Typical Regutation4Jp Accuracy of CAtSO Conventional Generation

Regulation-
Up
Accurac

46.88SS 63.08% 46.671rr 61.35SS 45.31SS 40SS

22
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4 Frequency Droop Control Tests
4.1 Rationale and Description of Frequency Droop Tests
The ability of a power system to maintain its electrical frequency «dthin a safe range is cntcial
for stability and reliability. Frequency response is a measure of an interconnection's ability to
stabilize the frequency immediately following the sudden loss ofgeneration or load. An
interconnected power system must have adequate resources to respond to a varietyo('ontingencycvcnts to ensure rapid restoration of thc balance between gcncration and loatL On
January 16, 2014. FERC approval Reliability Standard BAL403-I ("Frcqucncy Response and
Frequency Bias S:ning" I, submitted by NERC. By approving this standard, NERC created a ncw
obligation for balancing aulhoritics. including CAISO, to dcmonstratc that they have suAicicnt
frequency rcsponsc to respond to disturbances resulting in the decline of system fl.qucncy. Thc
purpose of this in tiative is to ensure that CAISO provides suflrcient primary I'rcquency response
to support system reliability while complying with thc new NERC requircmcnt [16[. NERC
determines the Western Interconnection's frcqucncy rcsponsc obligation (IFRO) based on thc
largest potential gcncration loss of two Palo Vcrdc gcncrating units (2.626 MW). NFRC crcatcd
this standard to ensure that bahncing authorities have suAicicnt I'requency response capability on
hand. Like all balancing authorities, CAISO must plan on having an adcquatc amount of
frequency response capability available to respond to actual frequency cvcnts. CAISO's
cstimatcd frcqucncy rcsponsc obligation is 25g MW,'0.1 Hz Based on historical events during
2015-2016, CA(SO recognized that its median frcqucncy response rate might fall short of its
frcqucncy rcsponsc obligation (FRO) by as much as 100 hAVIO. 1 Hz [)6]. From this pcrspccttvc.
the participation of curtailed PV power plants in CAISO s frequency response could help address
this potential dcflcicncy. Thc objective of thc frequency response test conducted under this project
was to demonstrate that the plant can provide a response in accordance with 5% and 3% dmop
scuings through its govcmor-like control system

The dclinition of implcmcntcd droop control for PV is the same as that for conventional
gcncrators:

ai Iararaa
Droop ar/carta (5)

Thc plant's mted active power (300 MKV) is used in Eq, 5 for the droop sewing caIculations. For
the purposes of the droop test, the plant was set to operate at a curtailed pou er level that was
10% lower than thc availablc estintatod peak power. The PPC was programmed to change thc
plant s power output in accordance with a symmetric droop charactcrtstic. showrt m Figurc 22 at
both thc 5.o and 3% droop values, The upper limit ot thc droop curve was thc available plant
power. and the lower limit was at a level that was 20% below the then-avaihble peak power. The
implemented droop curve also had a +36-mMz frequency deadband.

This report e eve sabir el no cool rrprn lhe Natenal Renewable Energy Leboretory et www r el gov(pubtcettpns
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Figure 22. Frequency droop characteristic. Illusrratlon from NREL

The frcqucncy droop capability of thc plant was tcstcd using thc acmal undcrtrcqucncy and

ovcrfrequency cvcnts in the IVestern lntcrconncction tneasurcd by NREL in Colorado (Figurc 23

and Figurc 24, rcspcctivcly),

60
M

~ 59.95
X
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59.8
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Figure 23. Undertrequency event. Illustration from NREL
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Ftgure 24. Overfrequency event. Illustration from NREL
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The frequency event time series shown in Figure 23 and Figurc 24 were provided to thc PPC, so
the plant can demonstrate a frequency response as if it were exposed to a real frequency event
measured at thc p'ant's POl. This is thc common method for testing the frequency response of
int cttcrwoupled gcnemtion bccausc waiting for a real frcqucncy cvcnt to occur in thc power
system may bc fiute consuming because large contingency events do not happen very oAcn (two
to thrcc times pcr month for the Western Interconnection). Thc active power mmp-mtc limit in
the PPC was set at 600 h(KV'min (10 h(KV/scc) during the droop control tests.

4.2 Droop Test Results
The 5% and 3% frequency droop tests on the 300-%1W PV power plant were conducted on
August 24. 20I6. For this purpose, the First Solar team rcmotcly sct thc PPC into droop control
mode in accordance with thc control method shown in Figure 22, with 5% and 399 droop values
and I 0/o power cllttailmcnt. Thc minimum allowed power Icvcl for dowvt-regulation svas sct to
20'/s bclosv the available peak potvcr for all droop tests (to minimize plant revenue losses).

4.2.1 Droop Tests durfng Underfrequency Event
The results of onc 3% droop test during thc morning on August 24. 20(6. are shown in Figurc
25. Thc p)ant s active power response in M lV to thc undcrfrcqucncy event was mcasurcd by thc
phasor measurcmcnt units at the plant's POI. The calculated active power time series show that
thc plant increased its power output during thc initial grid frequency dec)inc. and then Ipadually
retumcd to its original pretest Icvcl as frcqucncy returned to its normal prcfauh level. Thc droop
response of thc plant can bc obscrvcd on thc X-Y plot shown in Figurc 26, wherein a linear
depcndcncc between frequency and measured power can bc observed once the frequency
deviation cxcccdcd thc dcadband.
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Rtture 2S. Example of the plant's response to an undetfrequency event
(SSc droop test during sunrise). Illuatratlort from NREL
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Rgure 26. Measured droop characteristic for an underfrequency event
(3% droop test during sunrise)

Sigil)arly, 3% and 5% droop tests werc conducted during midday (pcak solar production period)

and during thc aftcmoon. Example test results for thcsc periods arc sho«m in Figurc 27 (a and b)

and Figure 28. Some nonlinearity in thc plant's response was observed dunng these tests «.hcn

the frcqucncy deviation cxcccdcd 120 mHz from iLs prcfault Icvcl, causing sornc mismatch

between the expected and actual droop response. Such nonlincanty was not obscrvcd during the

morning droop tests when thc solar resource was increasing steadily during the test under clear-

sky conditions. Onc reason for this mismatch could bc thc decreasing solar resource and

increased resource variability duc to cloud conditions during thc aficrnoon. h is cxpcctcd that

furthe fine-tuning thc PPC control parameters can help mitigating such nonlinearity. and the

First So)ar team «dll address this issue in thc future.

$1J
E

$1as $$ 9 $$ ,$$

f tne
40 $$ , ~ $ss$ $0,$ $s.s$ 40

b.

Figure 27. Measured droop characteristics for an underfrequsncy event:
(a) 6'roop test and (b) 3Y, droop tssl during midday. Illustration from NREI.
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Figure 28. Measured droop characteristlcs lor an undertrequency event (5% droop test during
sunset). Illustration from NREL

Results of the individua droop tests arc shown in greater detail in ftbntres 29-33. The lint plot in
each figurc shows thc data points scattered around the calculated target droop chatactaistic
(ftgurcs29[a)—33[@)), In thcsc X-Y plots, the X-axis represents thc frequency deviation, 4f(or
change in frequency). from its prcfault value. calculated as:

df = farta — 60Hz (6)

whcrc fz„d is thc value ofgrid frequency from thc cvcnt time series.

The Y~sxis represents the plant's active power response, 4Pmcac„«d (or change in thc plant's
acttve power output), calculated as:

dpmcaturcit — Pactaat Pmacccttmatcd (7)

where P«t„« is the measured plant's active power at thc POI, and Pmac ccttmatcd is thc
csttmated peak power for a given level of solar resource.

Thc calculated Phmt rcsPonsc, 4P«tea««d (or target rcsPonsc). for a given drooP value can bc
calculated as (frequency deadband is not included in this equation. but it is added in the control
logic):

af t
lrtd S Soar Oroo

whcrc P„,m = 300 Mltr is thc plant's namcplatc capacity.

The droop control error is dten calculated as a diffcrcncc between thc calculated target and actual
plant rcsponsc for any given droop setting:

dpcatcetatcd dpmcacarcd (9)

27
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Thc frcqucncy distribution of thc control error data for each droop test along ivith the error
slatistics data are shown in figures29(b)-33(b). The detailed companson of thcsc test rcsulLs

concluded that thc PV plant dcmonstratcd a satisfactory droop performance during the
underfrequency events for the morning, midda&, and aAcrnoon time fmincs. Some nonlinininiics
in the rcsponsc can bc further improved by fine-tuning thc controller parameters. The observed
scat ter around the target response is due to the short-tenn solar resource variability. and it can bc
mitigated if such a response is gcncratcd by a number of PV p)ants within a larger geographical
footprint.

00 -ars -aI ~00 0 I

00«000 l«1«W««W tIat

I 1

Figure 29. (a) Results ahd (b) control error during the sunrise 3% droop lest for an underfrequency
event. illustration froin NREL

ar -S.ia -al -400 -I 0 I

Caa«00 la 0000«as fiat

Figure 30. (a) Results and (b) control error during a second sunrise 3ss droop test for an
uhderfrequency event. lllusuatlon lroni NREL
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F|gure 31. (a) Results and (b) control error during the midday 3'roop test
for an underfrequency event. Illustradon Irom NREL

-01 4n - ~ 1 -I 1 1

C0iwi 0~ eel

Figure 32. (a) Results and (b) control error during the midday 5% droop test
for an underfrequency event. Illustration from NREL
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Figure 33. (a) Results and (b) control error during the sunset 5tL droop test
for an underfrequency event. Illustration from HREL
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Table 4 and Table 5 show the control error statistics for the underfrcqucncy droop tests in

absolute h(KV units and percentage of plant capacity. respecuvcly. Despite obsencx)
nonlincaritics and scatter, the mean control error is very small. mnging from 0 W),3)ev of thc
plant's rated capacity. The standard deviation control error is also small (0.07"o-O.(9% of rated

capacity). The largest measured positive and negative error values arc 2.03% and -0.(tg'4 of thc
plant's rated capacity. Figurc 34 shows thc conso(idated data for many up-regulation tests for

comparison.

Table 4. Droop Control Error Statistics (Absolute Values in MW)

Test Type
Mean Error
(MW)

Max + Error Max - Error Standard Deviation
(MW) (MW) (MW)

3% droop, sunrise 0.63

3% droop, sunrise 0.52

3% droop, midday 0.1

5% drooP, midday 0.0

5% droop, sunset 0.02

3.75

6.08

4.83

2.84

2.5

-1.02

4).28

-2.37

-1.5

-2.67

0.57

0.39

042
0.3

0.22

Table 5. Droop Control Error Statistics (Percentage of Plant Rated Capacity)

Test Type Mean Error (1C) Max v Error (%) Max - Error ('tS) Standard Deviation fts)

3% droop, sunrise 0.21

3V droop, sunrise 0.17

3% droop, midday 0.03

5'4 droop, midday 0.00

5% droop, sunset 0.01

125

2.03

1.61

0.95

0.83

4).34

4).09

4.79
4).5

4.89

0.19

0.13

0.14

0.1

0.07
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